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- of run versus r est r a ined  rats were 16.8 and . 30.1 dgr~ .. ‘mi~~u t e~; , respectively.

S’irvi ’~ors had a fa s t e r  cooling r a t e  than  f a t a l i t i e s, but  run  survivors had
a slower cooling ra te  than  heated survLvors . Resu l t s  i n d i c a t e  tha t : 1) both
the  incidence of m o r t a l i t y  and the su rv iva l  t ime can be pr~’d ict ed  front  the
sever i ty  of core hea t ing , 2) w o r k — r e l a t e d  fac to r s  c o n t r i b u t e  to an increased
ra te  of hea t s t roke  death at low thermal loads , and 3) r e t ro spec t ive ly ,  bo th
heat— sensi t ive  and h e a t — r e s i s t a n t  i ndiv idua l s  were i d e n t i f ied .
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Rat model of acute heatstroke mortality

R. W. HUBBARD, W. D. BOWE RS, W. T. MATTHEW , F. C . CURTIS ,
R. E. L. CRISS, G. M. SHELDON , AND J. W . RAVFEREE
U.S.  Arniv Researc h Ins titute of E,wzr on,nenta l Medicine , Natick , Massachusetts 01 760

HultBAiw . R. W., W. D. BOWERS . W. T. MATTHEW , F. C. The uncertainty surrounding the central or peri ph-
CURTIS . H. E. L. CRiss . U. M. SHELDON . AND J. W. RAT I’EREE. eral causes of heatstroke (neural versus cardiovascular)
Rat m odel of acute ’ heatstroke ’ ,nortaltt v. J. App i. Phvsiol .: is evident in the following statement by Leithead and
Respirat. Environ. Exercise Physiol. 42 ( 6) : 809-816 , 1977. — A  Lind (24) : “The primary physiological failure in an un-total of 252 untrained , unacc limatized , and unanes thetized acclimatized man suddenly exposed to high heat stresslaborato ry rats weighing between 485 and 545 g were fasted
and eit her run to exhaustion at 5, 20, 23, or 26’C or were probably lies in the failure of the sweating mechanism.
restrained and heated at an ambient temperature Of 41.5 c. But it is also true that in such conditions any heat
The incidence of mortal i .~. associated with a wide range of disorder that develops is most frequently cardiovascular
work -in duced hvperthermias was compared to the lethality of in origin. ’ In a recent review , Knochel ( 18) has reem-
equivalent heat ioads in the absence of physical effort . The phasized the concept that hard work in a hot environ-
severity of hvperthermia was calculated in degree-minutes ment may lead to a serious deficit of effective arterial
above a base- line core temperature of 40 .4°C. The LD.~,’s of volume and profound shock would occur were it not for
run-exhausted versus restrained-heated rats were 16.8 and intense splanchnic vasoconstriction. Others have shown
30.1 deg-min , respectivel y . Survivors had a faster cooling rate that cutaneous blood flow decreases d; astically as ex-
t han fatalities , hut run-exhausted survivors had a slower cool- haustion appears during exercise in the heat 16) . Theing rate than restrained-heated survivors. Results indicate diminution of cutaneous blood flow with exhaustive cx-that fl both the incidence of mortalit y and the survival time
can be predicted from the severity of core heating, 2)  work- ercise in the heat jeopardizes the abili ty to dissipate
re lated factors contribut e to an increased rate of heatstroke heat from the skin, For example , just prior to exhaus-
deat h at low thermal loads , and :1 retrospectively, bot h heat- tion , running rats disp lay a drastic drop in tail tempera-
sensitive and heat-resi stant groups were identif ied. ture that coincides with an explosive rise in core tem-

perature ( 17) . A spiraling increase in rectal tempera-
hyperthermia : heatstroke predispo sition ; heatstroke cooling ture during prolonged physical effort has been observed
rate: degree-minut e’s in humans with both high ( 19) and low ( 1) physical

____________________________________ performance characteristics. This could be attributed
- __________________________________ -. largely to a marked reduction in cutaneous blood flow

HISTORI C AL L Y , THERE H A V E  BEEN two opposing views probabl y reflecting cardiovascular overload fro m the
regarding the pathophysiology of heatstroke (2 , 3, io, combined muscular and thermoregulatorv blood flow
11, 15. 27 . 35. 36) . The classical work and concept is demands , coupled with the effects of progressive dehv-
generally attributed to Malamud et al . (26 ) who sug- dration .
gested that heat induced direct thermal injury to ;i However , the extent to which direct thermal injury to
target tissue , i .e . ,  the thermoregulatorv centers of the tissue and circulatory collapse combine to produce fatal
brain , which resulted in a failure of sweating and ther- heatstroke shock can be determined . If direct thermal
moregulatory control , and shock. This hypothesis was injury to tissue is the primary factor in the pathogenesis
at varianc e with the earlier proposal of Adol ph and of heatstroke shock , then the work-induced hypcrther-
Fu l t on 2 1 , who believed heatstroke to be the result of mia of running rats should not be more lethal than
circulatory failure also leading to shock. Thus , the equivalent heat loads in the absence of physical effort .
breakdown in the heat regulatory mechanism and the For this reason , the mortality associated with a wide
clinical manifestations 9, 12) have been attributed to range of thermal exposures. produced by either work at
both central and perip heral mechtmisms. With either 20—26°C or sedentary exposure to 41.5’ C . was measured
hypothesis, shock was the critical end point , in a large number of laboratory rats.

Although Malarnu d ’s attempts to demonstrate struc-
tural changes in the portions of the hypothalamus con- MAT ERIALS AN D METHODScerned with temperature regulation were unsuccessful ,
evide nce of acute~ circulatory failure , such as hemor— Experi mental  an ima l s .  Male Sprugue-l)awlev rat s
rhage , edema , and vascular engorg e’ment. was observed (Charles River (‘I) sI r ;iin ofequivalcnt ages were caged
in v i r tua l l y  a l l  cases regardless of the duration ofi llne ss ind iv idua l l y  in an environmental  chambe r maintained
(26 ) . F)e~ith wi th in  24 h occurred in approximately 7() ’ , at 26’ C ar id 19 • l7~ relative h u m i d i t y .  The air  in t h i s
of the (‘tls(’S ;ifld the presence or absence oIshoc k was the chamber 13 x 11 x 6 ft 1 was replaced at a rat e ’ t -quiva-
best prognostic index since the outcome’ usually (IC- lent to 1,4 room volume ’s per hour. Al l  rats were fed a
pended on th i s  t~ictor 26) . diet of Purina chow and water ad l ih it  urn .  Rats with
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prefast body weights between 485 and 545 g were fisted (‘aleula f  ions . The LI).~, was estimated by the method
18—24 h before use, of Reed and Muench (3 9 )  and the standard error by the

Experinu ’ntal .sfre ’ .s .s . Animals were either exercised to procedure of Pizzi 39) . Significance testing was carried
exhaustion at one of four ambient temperatures 15, 20, out by using the Student (-test. P values ’ 0.05 are
23, or 26’ C) or were restrained in an appropriate sized omitted from the tables. Work done was calculated from
wire cage which was placed in a small environmental the formula
chamber , set at 41.5°C ambient , until their core temper- .

atures reached a preselected end point. The motor- kg-rn body w t ( k g )  ‘ running  time (m in ) ~~ treadmill
driven treadmill was similar to the one described by speed m/min x inclination of treadmill  i s in )
Pattengale and Holloszy (28) . Rats ran up a 6° incline at Core temperature Was measured at 6 minute  intervals
11 rn/m m but were allowed a 2-m m rest period after 20 and thermal area was calculated when core tempera-
and 40 mm of work. Exhaustion was achieved under a ture exceeded 40.4°C using the formula
shock-avoidance contingency. It was defined as that .

point at which rats could ‘not keep pace , and when thermal area Ideg-min) ~ time interval ( m m ) 2

placed on their backs would not right themselves. l’(’ above 40. 4 ’C at start of interval °C above 40.4 ’ C at
Te’~nper aturc me ’asure ’ment. Core temperatures ( rec- end of interval l

tal probe inserted 6.5 cm) were measured using copper!
constantan thermocouples in conjunction with a ther- RE SU! TSmocouple reference oven (Acromag model 340) and a 10-
channel data acquisition system (Esterline-Angu s The severity of hvpertherrnia was calculated as an
model D-2020 with a teletvpe printout. After reaching area in degree-m inutes aboVe a base-line core tempera-
exhaustion or a predetermined core temperature , all  ture of 40 .4°C. This base line represents the min imum
rats were monitored at 26°C ambient while resting in observed core temperature of exhausted rats which pro-
plastic cages lined with wood shavings. Aft er recovery . duced death within 24 h ( 16) . The relationshi p between
animals were returned to their cages (26 C ’ and allowed the severity of hyperthermia and rat surv ivab i l i ty  Is
water but no food for 24 h. depicted in Fig. 1. Thi~. histogram represent~. the results

Y 1 1 I I I 1 I I U I I I I I 1 1 ~1
30
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u t  in anihi,’nt o141 . r ‘ Afl ,’ r runn ing or hcmii ing . rat.-. were ri’rnmned 
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from 252 rats either run to exhaustion at 5. 20, 23, or compare survivors versus fatalities over a wide range of
26’ C or passively heated while restrained at an ambient thermal exposures.
of 41.5°C. A number of observations should be noted : 1)  The results in Table 1 contrast the resolution
mortalities occurred following exhaustive work over the achieved between groups by measuring either the inten-
entire range of individual hyperthermias from baseline sity or duration of hyperthermia compared to the mea-
levels to 185 deg-min, 2)  with passive heating, mortali- surement of hyperthermic area in degree-minutes. As
ties were not observed below a thermal area of 20 deg- formerly reported (16), the significant differences be-
mm , and 3)  no rat enduring a thermal area above 125 tween the temperatures at exhaustion of groups 1 -5
deg-min survived, reflect the continuum of increased mortality with in-
The data from Fig. 1, when plotted as percent mortal- creased core temperature at exhaustion. The average

ity versus hyperthermic area, generated the two dose- work done by the rats in groups 1--i was similar and
response curves seen in Fig. 2. These curves demon- only slightly less than that achieved by group 5. The
strate a) a continuum of increasing incidence of death total work done by the run-exhausted rats is thus a
with increasing severity of hyperthermia, i.e., the exis- constant contributing factor up to a 959k incidence of
tence within this population of both heat-sensitive and
heat-resistant animals (for example, there is an appar- TABLE 1. Comparison of heatstroke risk
ent 14-fold difference in heat tolerance between an ex- factors based on incidence of nwrtali tv
hausted animal that succumbs to a 5-deg-min exposure - - “ . — - - -

and one that survives over 120 deg-min of hyperthermia ~~tH ‘ro~~i l ~n,c ,’ I ,,g’Mmru ,il,ov,’
I Fig 1)) hI t dissoci ition of the effects of heat plus work 

~~~ up t 
k 1 44 ) 4 1 m ~~~ ‘4

from the effects of heat alone, i.e.. an experimental ku -un 
H K H K ~demonstration that the hyperthermia induced by work-

ing to exhaustion can be lethal to some individuals I 4 4 1 .  a 41 7 20’ 44 7 2~ 7 4  4 20’.
while enduring an equivalent heat load at rest is not; ‘~~~ ‘~~ ‘ ‘~~ ‘ lii ‘6 0  ‘6 6

end e )  in objectmve method of classifying the severity of 4 41 
‘I

I I  .4 ii I 5 1 IS 5 4
hyperthermia based upon the incidence of mortality . 0 : 4  - Iii ‘ 0 2  . ‘u s  - i s  ‘3 I
within the total population. Thus, each animal was ‘~ 

I i ” ’  44
retrospectively assigned to one of five groups Table 1) .

~~~ . .~~~ .~ , .
~~ .~~~

whose limits were described by intervals in degree- 419 iOu

minute’~ elong the dose response curve 1)  LD 2)  
4 ) 2  II ~S

~~~~ 
3) LD~11_ 7~,, 4) LD7~,..1.4, and 5)  LD4,1 1411 . The LI)94 a

was chosen as a limit because it represents a) the point 42 4: 47’ 42 . )~ 9 74 994 417 2 4 4 0  ‘i: ‘i~ c~~

where the two dose-response curves converge (Fig. 2) ‘ I I  •0 t ‘ .19 46 . 05  ‘ .1.1 41

and it) the approximate m idpoint in the total range of Vimlu,’. mr, n o un .  ‘ SI) . no ,,f no. p’. gr .nu p j r. ’ .‘ u~.’u. ui ‘u . . .  5,-ru ”. El IN 1 mu m.)thermal exposures. This classification makes it possible sou i’ — ...r,. m, ’un p , .r .4turm ’ ml ,.~,,) rum,,,,, .1 or h,’.mu,uu , ~ r.umpr, u 0 .1 ,  K r,,,u , ’ .),umo.i, ’.I

to compare 1)  groups of run-exhausted and restrained- r.,ts~ H ru’.I r,m,,,rd .h,’utoi r u . ,  ‘Ku,, ..u.d h,’ ,~~,nI ..~
,. u,’ rc ,t,’rrur.I tr ,,rn ,’,,rr,.

he’it.ed rats who”.e reaction to experimental tre itment P I m~ n~~i~i ~~‘ I 
/ 

Ii m’~ I 4 I i i  I

resulted in a similar probability of death and 2) to 142 run ,nonul .  hum,) lo lu ,I  j r , ’ , , .  .‘,iuud 4 , .  0 ~~~ w,’r,’ ,‘~ d u.t,.) I , , , , u ,
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mortality . In contrast to the run-exhausted animals , the injury can occur after exhaustion and/or withdrawal
lack of significant differences in core temperatures be- from the heat.
tween heated groups 2 and 3. as well as groups 3 and 4, In both the running and heating experiments, groups
indicates the limited usefulness of this criterion for 1 and 5 represent extreme positions along the contin-
predicting the incidence of mortality with sedentary , uum from low to high thermal exposures. By contrast-
heated animals. Furthermore, the total time the core ing the restrained-heated groups 1-.5, the following
temperature remains elevated above 40.4’C has even trends were evident: both the heating and cooling times
less usefulness in predicting death within 24 h. In only were longer in groups with greater thermal area. As a
one case (group f l . does the duration of temperature result, heating and cooling rates were the slowest in the
elevation distinguish between run-exhausted and re- group with the highest thermal exposure (group .5). On
strained-heated rats. In contrast to either the duration the other hand, the individual variability in the shape
or intensity of body heating considered singly, the se- of the heating curves for run-exhausted rats masked
verity of core heating measured as a hvperthermic area any trend in running time or heating rates with in-
in degree-minutes above a baseline core temperature of creased thermal area. Run-exhausted rats in group 5 ,
40.4CC clearly defines the increased heat stress (group I however, had significantly longer cooling times and
vs. group 2 . etc.) associated with the increased mortal- slower cooling rates than group 1. Both the run-ex-
its’ in both run-exhausted and restrained-heated rats. hausted and restrained-heated animals of group 5 had
Moreover, within each mortality range gro ups I and 2 , identical cooling times and rates. These groups, there-
etc.). hyperthermic area analysis will differentiate he- fore, represent a point where the effects of high thermal
tween run-exhausted and restrained-heated rats. It stress appear to make the response of both run-ex-
should also be noted that both the run-exhausted and hausted and restrained-heated rats similar.
restrained-heated animals in group 5 were exposed to The relationship between core temperature, cooling
double the amount of body heating received by group 4.  rate and survival for the combined groups 1-5 is shown

In contrast to Table 1 which describes the entire in Table 3. In confirmation of previous results ( 17) .
heating and cooling curve, Table 2 contains the data when all run-exhausted survivors and fatalities are sep-
separating the whole curve into two parts with the end arately pooled into two large groups which include a
of running (EOR) or heating (EOH) as the midpoints, wide range of core temperatures, the fatalities have a
The EOR represents the point of exhaustion and the higher core temperature at exhaustion than survivors.
EOH. the end of heating producing a range in core As indicated by Fig. 3, however , this distinction disap-
temperatures from 41.4 to 42.6°C. Within both run- pears when one compares the core temperatures of both
exhausted and restrained-heated groups 1-4 , the two survivors and fatalities within a narrow range of ther-
halves of each area were nearly identical. In both run- mal exposure. In 9 of 10 cases within these prescribed
exhausted and restrained-heated group 5 , the cooling intervals, neither the intensity of hyperthermia (Fig. 3)
area was significantly greater than the heating area. In nor the hyperthermic area in degree-minutes (not
spite of this, the heating areas as a mean percentage of shown) will distinguish between potential survivors and
the total areas for run-exhausted or restrained-heated fatalities. These results appear in contradiction to the
groups 1 -.5 were 49 ± 8 and 46 ± 3c%, respectively. This data in Table 3. However, there are two explanations for’
indicates that a in general, the heating and cooling this: a)  the means presented in Fig. 3 are isolated ac-
portions of the total hyperthermic curve are nearly cording to narrow ranges in thermal exposure ( t h i s
equal under these conditions and h) significant heat eliminates the grosser comparison of all survivors with

TAB I.E 2. Comparison o/ hea ti, lg a~z l  cooling times , rates OFl(/  ar eas based on uiculenu ’u ’ of ’ P o (/ r t a l I f  v

K u n ’ l ,s l , , , , ,—I ,n) 5,44. l ( , nu r , ,  , , uu ’ , l - ( l , ’ . , , . , )  I I , , , —

- SI , r , , , I , i .  NT. I lK , I ’ 4
~~~ l~~

o 4 4 1 7 . (1. ( ‘5 . I ’ l i i ’ , ( I l l . I 4 1 1 4 1 ! ,  ~ i )t l i , , , i~ 0
u,,u,u 

~~~~ 
,,,,,, ,t, ’g’ n u i n  flu, , ,  u , u u , ,  ,u , , n  
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~
,, ,,,,,, d, .,. Ii,,,,

I )  25 57* 007 ’  4 0* 1° fl~ ( ( ((5’ 14 0.14 7 . S 9. 6 2 ) ) (I llS
‘Ill •~~~~~ . 3 4  ~3 3  .7 ‘ ( 4 . 44 2 ‘10 . 0 , (14 ‘ 4 . 1  ‘4 . 2 13 ‘ 11.1
0 1,  29 ’

2 25 5) )  ‘us ’ (1 1)7’ 11 , 8° 9,8° 26 0 . 05 40 0.1 2 l6 .4  18. 8 :11 II no
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all fatal i t ies which effectively masks the existence of hausted sUrvivors had a slower cooling ra te than re—
both heat-sensitive and heat resistant individuals): and strained-heated survivors.
h )  the dose-response curves of core teniperature or hy- Final l y , Table 4 indicates approximately when the
perthermic ai’ea vei-sois percent mortalit indicate only animals died as the mortality rate increased with in-
the probability of death hut not who wi l l  succumb. creasinglv severe thermal exposures (g ro ups  1— ~5) .

The cooling rate, measured during the first 3() ru in of Within run-exhausted groups 1-4 , less than 2(Y’~ of the
recovers’, was more selective than core temperature (Ta- fatalities occurred before the core temperature returned
ble 3) . Survivors , in restrained-heated group s 1—3 and to 40.40C and the greater majority occurred overnight.
in run-exhausted g,~ up 5 . had significantly faster cool- In run-exhausted group 5 . however . 70”? of the animals
ing m a t e s  than fatalities (not shown) . The mean cooling died during prolonged or secondary hyperthermia and
rates  f~ r the survivors and fatalities in the combined unassisted cooling at 26 C was completely ineffective.
1,’r l) l Ip s  / -.5 are shown in Table 3. Survivors , in general , Essentially the same pattern was observed in re-
had a faster cooling rate than fatalities : but run-ex- strained-heated rats with group 4 being a transitional

stage .
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t)iS( ’t’S5ItC’~ ( 8) described 14 cast’s of heat illness in fit . young Eng-
lish soldiers fol low ing sustained physical efl~n’t ,  Sweat-

The extent to which direct thermal in jur y  and work- ing was noted in nine patient s , five were considered to
related fhctors combine to produce the pathophvsiologv have suffered heatstroke and vet the earliest recorded
of’ fatal heatstroke has not been experimentally defined body temperatures averaged o n l y  39.8 - I . :i ‘ . In the
due to the lack ot’an appropriate model. The widel y held rat , as in man )25 1 . a core temperatur e of 4 ( 1 ,4 C or
belief that cessation of’ sweating is a cardinal sign of higher can he lethal to some individua ls.  Al though in
heatstroke 122)  has a priori prevented th e use of’ non- the run-exhausted animal  there is good agreement he-
sweating anin ial models. Although there is considerable tween core temperature and mor ta l i t y  rates , t his is
evidence that a breakdown of’ heat dissi pating mecha- special cas~ . In the sedentary-heated condi t Ion . it Is
n isms and a lack of sweating may preci pitate heatstroke only the amount of body heating in degree-minutes that
)4 , 5, 20 , 23 . 37 , there are also numerous reports of defines the incidence of morta l i t y ,  Thus, in rea l i t y ,
heatstroke accompanied by profuse sweating 14 , 2 ’i , 30— elevated core temperatures only describe a zone of p0-
32 . 38) . The more general concept that either damage or t ent ia l  danger and surely , i gnoring cases of’ hordet’i ine —

overload to a heat dissipating mechanism can result in hvperpvrexia , w i l l  result in unexpected deaths. This Is
excessiVe body temperature and heat stroke 134 1 has i-c- especially true if ’ the durat ion of’ the hvp erth ermia is
suIted in the development of both rat and dog muodels (7 . unknown and work is a factor.
17 . 29) . The purpose of this research has been to refine The abi l i t y  to compare indiv idual  susceptibi li ty to
the use of the rat model as a reseai’ch tool and to heat-induced mor ta l i t y  based on the degree and dura-
measure the extent to which work factors contribute t tl  t i on of’ hvp erth erm ii ia has produced tw o flew insights.
heatstroke death. First . examinat ion (If ’ Fig. 3 enip hasizes the existenc e of

In their recent review on heatstroke 1331 , Shibok ~t et both heat— sensit ive and heat-resistant an imals  over’ the
al. have emphasized that  the ef’fect of ’ heat , like other entire range of comparable thermal  exposures. ‘I’hese
physical agents , is determined h~’ both its  in tensi ty  and data and the patt er -n in survival t imes  described IT )
durat ion.  This concept was emp loyed by Shap iro et ~t l .  Table 1 suggest that  the pathop hv sit2log v of fa ta l i t i es  in
(29 ) in developing a dog heatstroke model. Thermal load gr’ oup / might he d i f f e ren t  from that  in ,s.,’ro up .5 . Fur-
was measured as the area , in degree—minutes . of’ core thermore , by this method of’ ret rospect l\’l.’ anal ysis and
heating above an assigned base line of 43 C . The choice by ctlmp aring group / and Cr 1 up :5 survivors . it should
of base line is determined by the minimum observed he possible to determine which noncri t ical  bioche m ical
lethal temperature. In our experience , this temperature oi’ physiological f~ictors increase wi th  thermal  load inde-
for rat s is near 40 .4 C . The superior resolution of’ this  pendent lv of’ mIni a l i t ~’ rates . (5 on vi.’l’st ’ l~ . by t ’X: tT ) i i n l i l i . Z
measurement over either the duration ot’ the in tensi t y  group I morta li t  it’s , it shou ld he psIss ihIt ’ I i ,  detet ’i iii i a ’
(If hyperpyrexia is seen in Table 1. These results provide which vital  biochemical or phy siological factor ’~ change
experimental evidence that  both the incidence of mor— rap idly in sum,’ susct’pt ibh ’ i nd iv Idua l s  w t t h  a 111w ther-
t al i tv  as well as the survival t ime (Table 4) can he m~*l load. Thus , it should hv p sm ’~slhle  to  c tI’i’V the ~t l1a l \’ -
predicted from the severity of the heat stress measured sis of heatstroke beyond the  dose-response rel~t t IOflshl 1)
in degree—minutes. Thus . i in v  a t tempt  to l i m i t  either ’ the  indicat ing “hoss’ many  cou ld ,l1s ’ I l l  t he  pml i mbt  ( It l’( ’5(Il ’s’-
intensi ty or duration of the hyperthermia should reduce ing for the cl inician “who ” could ( li e ’ and wh y.
the death rate. This has been clearly demonstrated in Second . as i’ei,’ent lv m ’ ( ’vie wed 331 , t t ’Tf lp er ; t I  ui’t’s st ifli-
South Africa , where the incidence of t~tt al  ht ’atst roke cient 1(1 pr (KJuce he~itst  l’(I k( ’ can he r ( ’;lcht ’d / n t  ivt ’l~ by
was reduced by the earl y app lication of therapeutic physical exercise ; ~! I pass ivel y , by gaining heat f ’i’I I m U  the
cooling (40 ) . However , Table I also shows a 10—fold en vi r On mem lt  I f ’ol lowing deteriorat ion of’ heat d l5~ l~~ii ’
di fT ~’rence in hvp erthermic ai’ea between the  run—ex— (ion: or -I ) by a comb inat ion of these. IlIIwe ’ve? ’ . :t~ prt’-
hausted rats of group / and the run—exhausted rats of sented in the intro duct i tm . when the i’t ’act ive hyp er dnbi l
gi-oup 5 . Obviously, certain animals can withstand ti’e— of’ work is added to the burden of superficial  dI Ll )  l i t  1( 11)
mendous heat stress before collapsing whereas others provoked by hvpe rthermia . ~tri intense sp lan ch nl c  s;iso~
cannot. Since , in 1)0th cases , exhaustion is the end constriction must occur oi’ shock would inter\ ’ene, .-\ ‘ .

po int , these results indicate why in some cases the most shown by the m o r ta l i t y  data in Fi g. 2 and ‘Fable I . thn .
lit , highly motivated individuals  often suffer the sevem’ - combinat ion of heat p lus work is much noire dalIi. ~ ’row.
est heat injury (18. :121 , Under these circumstances , the at low , compar-able thermal  loads than  is acute e\posUi’t ’
point of collapse’ does not ensure similar chances of to excessive heat at rest. ‘l’he proposed sem ’R ’s I l f  events
su rv iva l  amongst dif ’ferent individuals. Furthermore , leading to profliund peri pheral vascular 17111 lapse t l T ld e’r
t here is i small  percentage of the population tha t  wil l  these conditions has been described 1w l) a i l y a ntI 1 l ; i r ~i’i-
succumb to low heat loads Ig, ’oup 1)  and . conversely , a son (9 ) . In th is  i’egai’d . the (‘(1(11 ing rate t~I i’tiii-t ’xh ~tti st t ’t 1
small group that  can withstand twice the I hermal load sui ’vivt rs ‘i ’ahle 31 is s ign i f i can t  lv less t h a n  re’s m ’~i int ’d-
that  is lethal to 75’? oI ’ the population (gl’ oup .5 vs. heated survivors. ‘l’his mo~ly indicate an II )c l ’ezist’ i l  m ’ : tt , ’  l I f

g i-oup .1), heat product ion 1W . more lik e l  . serious m m p a l r m l l e n t  (l~
In th i s  regard , recent reviews 18. 33) have cool— cardiovascul Ili ’ Iun o ’t ion in heat di~s, pa l t o i l  i necha-

mentt ’d on the d i f l i cu l tv  il l de f in ing  exact iv when bod y n is mu s .
temperature ’ is tIle ) high .” what degree’ and dur’at ion of Add i t  11)01( 1 lv ,  ss’ it l )  I h I s ttii ~ lt’l i t  s( ’( ’iiIs plissll ) It ’ T m )

hvp ertht ’rmia produce’s in ,j um ’ v , and , by inference , what  ev il slate the work s’ompone ’nt I ’) heat i l lness I I )  a w; is
is the associated risk - For examp le’ . Carson and Weluh com ) s i st e ’tit w I t h  th e  h~’pt ’r he ’rm ic area e’u ncept i if  the n  

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ,  _ _ _
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mal stress. The difference in thermal areas (40.4°C to to exhaustion at 5°C; all survive, run longer , do more
EOH or EOR, Table 2) in degree-minutes (heated minus work (,(~85c%), and presumably receive more electrical
run) within each group of Table ~ ~~-; an estimate of the st imuli  than animals exhausted at or near room temper-
thermal equivalency of work stress. Since no fatalities ature (16 , 17). Therefore, we suggest a)  the convergence
occurred below a core temperature at exhaustion of of the two dose-response curves indicates that hvper-
40.4°C, only work done above this threshold core tern- thermia is the predominant forcing function, but bI  at
perature should be relevant to the calculation of a de- low , comparable thermal loads , work plus hyperthermia
gree-minute per kilogram-meter factor. The value of is more lethal than hyperthermia alone. These sugges-
this ratio under these experimental conditions was cal- tions do not preclude the possibility that measurements
culated to be 0,44 ± 0.11 deg-min/kg-rn of work above a other than the incidence of morta l I t y  would be more
core temperature of 40.4°C. The use of this factor may stress specific than stress related .
allow the direct addition of work stress, expressed in
degree-minutes , to the thermal stress in order to predict
and test their combined effects on mortality rates or The aut hu ,r .- Ire gr lt .e’ful f u r  the  assistance’ in dat i an a ly s e ’  by

- . . . . . . ‘ Ms. Ingr id ‘it s and for the  pr ( ’para iiuin ut the f l ianU s cr i p i  by M r .
tissue inj ury in various experimental paradigms. Sandra BI’ach and Mr .- A.  i)t’hr m ( ‘ amuso

Finall y, caution demands that this experimental at- In cuu nduc l ing the  research descrihc ’d in t h i s  mep omt the  I r u v e ’ . T i g a -

tempt to quantitate and def’ne the cause of heartstroke t I , m -  m dh t ’mj ’ d t o  the  “( uld e’ (on l,a h )m r a t ml rv A n i m a l  ( ‘ . I c I l u t I u - ’ . iiid
death must be regarded, simultaneously , as a toxicolog- 

(‘ are, ” as pn l l mu lgml t ’d  by the  (‘ , ,rnmli t t ’e ti n the ( ulde for  Lat~~ra.
- tons’ An 1 1 ) 4 ( 1  1’ ( C I I  I t  It’s mil d ( are’ I I I  I ht ’ t mi st i t  ut t’ I f  I . lh ) I r a t o r v  ,‘\ i i-

ical approach to the lethal interactions of mult ip le envi- 
~~~~ Resource’s , \ I I  j , , u i a l  Aca , l m ’ T I i \  ut ~~u ’ I , ’ i I , ’I” -’~\ I i  i , , t , i l  Rt ’st’ ,m ch

ronmental and physiological stressors. In reality, these C o u n c i l .
dose-response curves represent a hierarchy of stress ‘l’he’ I l p in l uin s (In assert  I m u n s  cuunl l in ( ’ul  h t ’m t ’in . , r , ’  tb p r u v I l ) ’  \ I~~~~ ’.

effects combining electrical stimulation , exercise to ex- luf  the  a u t h l l m u s i  and Ire 141) 1 I i -  lIe u um is i mu t ’ , (  i’. I f f i c i a l  ui m a~. r e f lec t i ng
- the  v lea s at the ’ I )ep i ml men I ut the A mm ii ~ u u m I he I )ep m mt memO u thaustion and hvperthermia on the one hand , and re-

straint and hyperthermia on the other. Although it is ,‘\d~lress r equests  fIlm r ( ’ p mmmi t s  t , u  H, \V . H u ( I t u Ird . (I t ’ l l Rt ’o( ’Inch

recognized that restraint , per se, is a stressor ( 13 , 21) , Div i s i t um i . t ’SA RI EM , Na t i ck \l Is u e hu~u - t t ~ (1 176(1 .
we have never observed death within 24 h as a result of
short-term restraint alone. Likewise , animals exercised Received for puh l i c’ a i i o l l  7 Sepu ’mta ’m 1976 .
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